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PREFACE

Although hydrofoil-supporteds water-borne craft have been in ex-

istence for many years, it is only recently that an intensive effort has been

made to improve the understanding and design practices relating to such craft.

The current study of strut-interference effects is a small part of

this effort as sponsored by the Bureau of Ships, Department of the Navy. The

studies were carried outin the facilities of the St. Anthony Falls Hydraulio

Laboratory during the period October 1960 through August 1961 under Contraot

fionr-710(39).

Credit is due to J. M. Wetzel for advice throughout the program and

for critical review of the report, to A. N. Breivik for conduct of the test

program, to 0. Subba Rao for data analysis, to L. J. Krsch, N. M. Stuvetro,

and F. E. Thomas for fabrications and operations, and to Marveen Mnish for

preparation of the manuscript under the general supervision of Loyal Johnson.
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ABSTRA CT

The evaluation of performance characteristics of hydrofoil systems

employed to support water-borne craft commonly makes use of two-dimensional

foil section analysis. Such evaluations are currently in need of more data

for handling the contributions of the surfaces in the vicinity of the strut-

foil junction where three-dimensional flow-interference effects occur.

In this study, towing tank tests were used to evaluate the influence

of interference on the lift and drag of selected models of ocmon junction

conditions under a variety of submergence, attack, and yaw conditions. The

evaluation was made from pressure distribution measurements.
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INTBRFZRENCB IFFICTS OF A STRUT

ON TI!
LIFT AN'D DRAG OF A HYDROFOIL

I, INTRODUCTION

Hydrofoil system for the support of water-borne craft frequently

consist of submerged flat foils supported by vertical struts.

In the design of these foil configurations, extensive use has been

madeof the analogous theoryand data previously devalopedfor air-borne craft,

The adoption of this related material has been very usefulbut has been limited

to configurations operating with considerable submergence below the free water

surface. This limitation appliesbecause the prcnzmtyof the free water our-

face produces flow effects which departfrom the infinite flow field normally

employed by aircraft. This departure exists not only because of the general

changein flw pattern which occursabove the foil but because of the secondary

two-phase flow effects which may occur due to cavitation on the foil or air

ventilationdown the rearof the struts. The latter effectebeoeml nreasingly

serious as submergence decreases. To alleviate these effects, thinner foil

and strut sections are employed and these in turn increase the structural

problem and call for the use of an increased number of struts.

Sinceven a single strut-foil junction produces significant mutual

interferences in the normal flow field around either member, the tendency to

an increased number of junotioAs in the assembly will lead to substantial

cumulative interference effects. Accurate analytical treatment of this co-

plex three-dimensional condition is not yet available and design inftrmation

must still be derived from experimental evaluations. A considerable mount

of such empirical data has been accumulated for aircraft design (1]* #, but in

the newerfield of bydrofoil-support structures the junction test data to date

has been qkite specific and not subject to broad application. Hoerwr (2]

umemarised the available fragmentary data soe years ao but there has been

a continuous need for mare interference tests directly Involving the free-

surface influence.

It is the purpose of this report to describe further tests which

havebeen conducted atthe St. Anthony Falls Hydraulic Laboratory. These were

*Xuabere in brackets refer to the List of References on p. 16.-
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intended to assist in clarifying the strut interference effects relating to

oertain hydrofoil components, assemblies, and environmental conditions which
wereunder design consideration. Because of the physical difficulties involved

inmaking extensive small-foroemeasuremente in hydrodynamiesystemas, the range
of coverage of these tests is fairly limitedand not nearly as generalized as
might be desired. It is hoped, however, that the data will serve to advance

existing design information.

II. SELECTION OF HYDROFOIL TEST CONFIGURATIONS AND CONDITIONS

A. Foil and Strut Sections

Both the foil and strut section employed in these tests were arbi-
trarily selected from the NACA-l series which is described in Refs. (3] and

[4]. Thim serie Is designed to have the minimum pressure point unusually
farback on both surfaces. This rearward positionof minimm pressure provides

a favorable pressure gradient, a laminar boundary layer, and an inhibiting
influence on flow separation over an extensive area of the surfaces back from
the leading edge. In addition, for desigan oondition., the magnitude of the
lowest pressure value is greater with this type of foil than for conventional

air-foil section. which normally produce a relatively low minimum pressure
point near the leading edge. This higher value of the minimum pressure in-

herently affords a considerable protection against the inception of cavitation.

Because of the above-described properties, the NACA-1 series has
been considered with interest for use in water-borne hydrofoil craft and was
accordingly selected for use in this program. The foil selection was MACA
16-509, which is a section wherein the design minim pressure point is back
from the leading edge a distance which is 60 per cent of the chord.

The strut selection was NACA 16-012 and is a symatrical section in
which the design minim pressure pointis also back 60 per centof the chord,
but in which , the maximum thickness is 12 per cent. This strut is somewhat
thicker than needed for many applications but oonsiderationhas been given to

designs which require interior space for housing of propulsive power shafting.

Sectional views of the 16-509 foil and the 16-012 strut are shown
in Fig. 2 and coordinates for the surfaces of a 6-in. chord dimnsion are

listed in Table I of the Appendix.
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B. Foil and Strut Sise

In the interest of providing design data involving a AmfIlm Of
scale effect between the test and prototype oonfigurationsp a test assembly

of maximum practical size was elected. For the available toot facilit and

fabrication procedures, this leads to the arbitrary selection of a 6-in. di-

mension for both the foil chord and the strut chord.

C. Orientation

The geometry of the junction between the foil and the strut could

have been arrangedin a wide variety of relative placements. However, in the

interest of simplicity in an initial program the placements were restricted

to two fairly common forms. These consistedof a strut mountedat the extreme

end of the foil and a strut mounted at the center of the foil.

Due to structural load limits of the type of fabrication employed,

the foil span was also limited. 7his resulted in a final assembly in which

the foil was supported and testedvith the two end strutsand one center strut

in place atall times. The center distance between the end struts was 36 in.

and betweeneach end strutand the center strut the distance was approximately

18 inches.

In all tests, the axes of the struts were at 90 egrees with the

foil chord line and with the axis of the foil. Us leading edges of the struts

were in a comon plane with the leading edge of the foil.

D. Filleting

It has been established in aircraft studies that mostof the detai-

mental drag effects associated with strut-foil junctions are due to the super-

imposed boundary layer influences at the junction corner. It has been further

established that some of the detrimental effects may be materially reduced by

filleting of the junction geometry. Mhe aircraft filleted iterferenoe studies

have indicated that optimum drag benefits ae achieved by circular are fillets

having a radius of about 6 per cent of the chord with the filleting continuing

beyond the trailing edgesof the junctionin a faired extension of appreciable

length.

In an attempt to gain some insight into the influence of filleting

on b drofoil junction interference in a limited test program, tests were



conducted both with and without fillets, The fillets were in this case con-

fined to one circular are of 6 per cent radius with fillets not extending.

beyond the trailing edge. The fillets were maintainedwith a radius of 6 per

cent between about the 10 per cent and the 90 per cent points along the foil

chrd. In the last 10 per cent of chord on each end the fillet radius was

gradually reduced from a 6 per cent radius to a mero radius of arc, thus

forming a gradually-faired transition in the junction.

For the end-strut testas the fillets were placed only in the in-

terior junction corner. For the center-mounted strut, fillets were placed

on both sides of the strut.

E. Submergence Conditions

Earlier tests of flat hydrofoils have established that submergence

of the foil to a depth of two or more chord dimensions will generally serve

to eliminate the influence of the free surface on the hydrofoil performance.

Below this depth, the hydrofoil will, in general, performin accord with air-

craft data relating to the infinite-fluid field. Above this depth, the foil

is increasinglyaffected by the pre sence of the fZee surface. For very shallow

submergence (a depthof 1/2 chord or less) and high speeds, the minimum pressure

areas of the foil readily vent to the atmosphere and cause the performance

characteristics to change drastically.

Because of these shallow depth difficulties, kydrofoil craft are

frequently designed for an operating submergence of about one chord dimension.

In order to gain some insight into the influence of submergence on

strut interference, the current test program employed two different submergence

values. The selected depthswere 100 and 200 per centof the chord dimension.

t. Attack Angle Range

Interference effects for the tests were measured at foil attack

angles of -,. O, +2, +4, +6, +10, and, in a few instances, +15 degrees. The

attack angles were measured between the chordline as shown in Fig. 2 and the

horizontal water surface.

0. Yaw Angle Range

Interference effects for the tests were measured at foil angles of

yaw of zero and 4 degrees in combination with most of the angles of attack
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mentioned above. The yaw angle was in all cases applied such that the star-

board end strut was trailed to the rear of the port strut during the test.

The test data were then taken for conditions relating to the junction of the

port strut with the foil. A comparable orientation was used for the center-

strut tests and was considered to be the severest flow condition of the two

alternates available for the unsymuetrioal conditions of yaw.

H. Tvst Velocities and Model-Prototype Similitude

In order that model tests shall be meaningful to a prototype design,
it is necessary that the dominant forces or flow patterns of the prototype
shall be reasonably well-siaulated in the model. In the anse of a hydrofoil

configuration operating near a free surface in a test channel, there are two
citeria which are generally considered important to satisfy.

One criterion requires that gravitational or Froude mber influences

shall be similar. Since the prototype in this case normally involves high.
speed otion in relatively deep water, the ratio of the body velocity to the

velocity of the gravity wave will normauly exceed unity. A rough appr -
tion to this wave pattern will then occur if the model also produce@ a ratio

or Froude numberwhich exceeds unity. In the caseof the current towing tests

with& tank of 4.5-ft water depth, this will require that test body velocities
shall exceed the wave velocity which is given by the expression

a - / - 12 fps

A second criterion requires that viscous or RsynoldsmWmberwibfltie

shall be similar. In the case of flow overs foil, this is primarily a mat
of maintaining the position of the laminar turbulent boundary layer transition

such that any flow separations occur in essentially the som regions on model
and prototype,

In the case of these selected NAC& series 1 sections, hich are of

the so-called laminar-flow type, operation near the design attack ogle of
sere deree should produce a laminar flow up to about the 60 per sent *hard

point. Because a favorable pressure gradient inherently exists ahead of the

60 per cent chord point, it aW be expected that laminar. flow will provl

to this pointeven for fairly high Beynolds numbers and modest surface rough.

namses. However, deviations from the design attack angle or roughening of
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the surface sould cause wide vaziations in the location of the lmn'-*Wbu-

lent transitionand consequent Vaiations in performance. Sam indicatiom of
the range of these variations was found in the hydrofoil data of Tounsin [5]
and a variety of related airfoil tests cited by Hoerner (Fig. 18, pp. 2-130

Bet. (1]). In sonw of these, transition occurred as early as Ro a 8 x 10P
and as late as Ro a 107 . In light of this data, it appeared doubtful that

artificial stimulationof the boundary layerwould be meaningful to the current

program unless conducted under a wider variety of conditions than the perm

permitted. In consequence, it was decided to abandon anyattempt at artificial

stimulationand to oonductall tests with smooth surfaces and related observa-

tions as to the position of the laminar-turbulent transition. This procedure

was not considered a complete answer to the problem of simulating protonse

flow but was intended to aid in defining the conditions of the model tests.

In light of the foregoing, it was decided that the tests should be

conducted at the highest practical speed in excess of the critical Froude

speed of 12 fps. However, the evntual fabrication technique employed for

the hydrofoils resultedin a relatively weak structural assembly and need for

low dynamic loadingj as a result, it was finally decided to run all tests at

a speed of 14 fps. This then resulted in a chord Reynolds number of about 7

x 10 5 for the tests.

III. TEST PROCEDURES AND FACILITIES

A. Type of Test

The physical evaluation of dynamic foil loads by towing procedures

might normally employ either an appropriate dynamometer systenor a pressure-

distributionmanuring system, In this instance, where the local forces sought

are only a very small part of the total forces which can be readilyms nsm@d

dynamometer methods present a serious problem. On the other hand, force

measurements dependingon surface pressure evaluations are incomplete in that

they do not Include sheow form contributions. They also normally roquhre

considerable time and expense in data-takig and analysis. Th pressa

measurements do, however, provide detailed information on the mechanics of

flow which are not apparent from bulk force measurements n a danamoter.
Such pressure information can be especially useful where it may be indicative
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of values critical to the inception of uch two-phase flow conditions as venti-

lation or cavitation, Since these criticals are common and vital to the nesm

perfemance of hdrofoils with shallw submegene, itwas considered especial-

ly desirable to include thenin these tests because the met critical prssures

on the entire hydrofoil may be expected to occur in the strut Junctions.

Pressure-measuring facilities also have an advantage in that they are readily

modified to permit boundary-layer-transition observations.

In light of this, it was decided to make the physical evaluation of

forces by pressure-measuring procedures, despite the fact that the shear force

contributions could not be measured by this procedure.

B. Foil Construction

Each foil and strut was composed of one large cast memberj an end
stack consisting of several thin sectional elements, and a junction piece.

The junction piece and stacked sections were bolted to the end of the cast

member. In each assembly one of the thin sectional slices contained a line

of pressure-measuring holes in accord with the arrangement shown in Fig. 2.

The assembly method permitted the line of press we-masuring holes to be readily

shifted azially along the member in the immediate vicinity of the junction.

In addition to these tap-line positions, other lines were drilled directly

into the main foil casting. The placement of these lines of presvirs tape

as used in the test program is shown in Fig. 3.

The large cast member contained brass tubing to serve as pressure

transmission lines for the pressure taps together with other stiffening and

tie rods. The member was cast in a carefully-soreeded plaster mold using an

alloy which melted at 160 F. Because of the low thermal levels and inherent

nonshrink characteristics of the alloy, the casting was a very close copy of

the mold.

The thin sectional elements were made of brass using a single hand-

made master unit which was used as a template for profile machining of ad-

ditional units. The stacked units and casting were then hand-finished to a

smooth faired suiface.

Pressure transmission passages through the stack were sealed with

0 rings.



S

C. The Towing Tank

The towrg tank consisted of a concrete channel of 9-ft width, 6-ft

depth, and about 210-ft length. The normal water depth in the channel was I.5
ft and the temperature of the fresh water was 72 degrees throughout the tests,

The tank walls were capped with rails to support the towing carriage.

D. The Towing Carriage

The towing carriage was propelled by trolley-fed electric driving

motors, The acceleration conditions for the carriage dt the selected 34 fpe

test speed provided 112 ft or 8 see, of stable test run.

The hydrofoil assembly was mounted below the carriage on a special

sunoort system which permitted ready adjustment of the submergence, attack

angle, and yaw angle.

The general arrangement of the towing carriage and mounted foil

assembly are shown in Fig. 1.

E. Pressure-Measuring Procedures

The pressure-measuring holes shown in Fig. 2 were connected to an

externalmrcury manometer bankby pressure-transmission tubes contained within

the foil and strut assemblies. Preliminary tests indicated tnat the pressure-

stabilisation time for the transmission system and manometerbank was approxi-

mately 20 sec for the test velocity of l4 fps. Since the towing tank length

limited test conditions to an 8-sec run, the manometer system was provided

with shut-off valves which were ganged and automatically tripped to be open

onlyduring the periodwhen test vlocitiswere in effect. Under these condi-

tions, three successive towing tank tuns were required for stabilisation of

the manometers representing any given test condition.

Because of the cost which would be associatedwith a manometer system

involving the reading andplotting of thousands of individual pressure values,

a simplified manometer system was evolved for the readout. his consisted of

grouping the manometer tubesin their normal placementalong a simulated chord

line in a manometer board constructedto be transparent. The mercury eoluwn

representing pressure values on this board then appeared as a bar graph rela-
tiveto the chord line. exposureof a standard erifax photocopy sheet behind

the board directly provideda work sheet on which the full pressure distribu-

tion curve could be manually faired-in across the bar graph. Tbese curves were

then used for analysis of forces.
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The turbulence and wave action produced in the tank by one toring

run proved to have no effect an the pressure values of rapidly-repeated subse-

quent rune exceptfor th maximam attack angle and yaw angle conditions. For

these cases, a slikht wave-quieting time was provided.

It may be noted that no cavitation or venting of the foil was obaired

for any of the environmental conditions imposed in these tests. Ventilation

did occur down the rear of struts but appeared to be limited to depths of not

more than 1/2 chord, and then only when tests involved both maximum yaw and

maximum attack angle.

F. Visual Transition Observations

As pointed out in the discussion under section II-H, relative to

boundary layer transition conditions, it is desirable to establish the position

of the transition for effective extrapolation of the model data to the MIoto-

type.

Visual observations relative to the transition were mde by secreting

a dye material from a forward pressure hole in the foil and noting the chord

pointat which laminar breakdown occurredin the dye filament. These observa-

tions were confined to the line indicated as D in Fig. 3 and were run only

for conditions of 200 per cent submergence, zero yaw, and the smaller design

angles of attack.

IV. TEST DATA AND ANALYSIS

The various test conditions and the testing procedures used to obtain

the pressure distribution curves were described in section III. Since the moet

meaningful results from these curves are the values of the lift and drag co-

efficients, the data-handling largely related to the determination of these

coefficients. Thiswas accomplished byarea planimetering of the faired curms

of the photo work sheets, thus providing direct evaluation of the normal lift

coefficient, Cn. A graphical rearrangement of the bar graph indications on

the photo work sheet also permitted plotting of the drag pressure diagram

followed by area planimetering md similar evaluation of the ohordwise drag

coeffiA ent, C.

From these two measures of the force components the conventional

coefficients were computed thus:
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9b aCsin a +cc OSG

CL ncc C- c in a

It should be noted that space limitations restricted the rnber of
pressure taps that could be placednear the leading and trailing edges of the

test members. As a result, there wa se obscurity as to the shape of the
pressure diagrams in these areas. This limitationdid not seriously affect a
meaningful determination of the value of Cn but did make it difficult to.

achieve high accuracy in evaluating C0. As a result, the values for CL ar
considerably more accurate than those for C. This scarcityof tape also led

to peak negative pressure measurements which were probably somewhat leer than

the true peaks for some tests.

In the original test planning it was arbitrarily assumed that a
pressure profile taken at line D in Fig. 3 (positioned one chord ditmension

from the centerline of the junction) would probably be beyond the range of
major interference effects and might be assumed as a reference profile. It

could not be assumed that a two-dimensional flow prevailed in this plane but
it seemed probable that itwas as representative of near two-dimensional condi-

tions as could be obtained fraethe configuration.

As a check on the above assumptions of flow character at line D,

limited pressure values were also taken at lines L, M, and N. These values
were combined with complete pressure measurements from lines A, B, and D
to yield the sumary graph plotted in Fig. 4. Unfortunately, the three-di.
mensional flow conditions and steep pressure gradients in the vicinity of the

limited taps at L, M, and N do not completely validate line D as a
reference section. A similar graph for the conditions prevailing near the

center strut is plotted in Fig. 5.

The data of Fig. 4 is the basis for the following assumptiamst

(a) The Junctionitterferes or producesmajor force influences
on the adjacent members for a member length equivalent to
about 2/3 chord dimension.

(b) The mean coefficient of lift or drag applying to the inter-

fered surfaces may be estimated by assuming that the values



for a given pressure line are applicable for am area up

tothe center pointof the space between adjacent pressure

lines.

(a) The determination of interference length in accord with

(a) above and of mean force coefficientin accord with (b)

above is assumed to apply to center strut interference as

well as end strut interference.

Force coefficient values from the foregoing procedure for evaluating

interference influenceson the foil have been graphicaly summarized in Figs.

6 through 9 for design use. These figures are arranged to permit selection

of appropriate force coefficients for the range of conditions and configura-

tions covered by these tests. For reasons of econovor, the data of Figs. 6

through 9 are complete only for the reference condition of yaw equal to sero

degrees and submergence equal to 200 per cent. For most other ooniitlems

only the design angle range from sero to 4 degrees has been calculated.

Althoughthe foregoing determinationof force coefficients in proba-

bly the most useful product of the test program, there is also considerable

information to be gained by an examination of the actual pressure distribution

curves. Crtainof this type of date have already been graphically summarized

in Figs. 4 and 5. Additional data of this character are shown in Figs. 10,

11, and 12 for pressures at the reference lines D, B, and C. The latter

two curvesrepresent foil conditions for measurements madeas near as possible

to a filleted strut. A survey of the data shows that for the end strut the

minimum pressure is not as low as for the center strut and the end strut with-

out fillet has a slightly lower pressure than the end strut with fillet.

The visual observations of the position of boundary layer transition

are summarizedin the graphical offeringof Fig. 13. The indicated conditions

correspond to the pressure curves which were plotted in Fig. 10.

V. OMPARATIVE VALUES FOR THE TEST DATA

As a check on the validity of the adopted method of evaluating the

interference effects and as a means of extending the ultimate design useful-

ness of these evaluations, comparisons with other findings were considered

desirable. Very little comparative material was available for these rather

uncommon NACA sections, but two approaches were considered of possible value.
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One approach was the use of the original work by Stack (3], which
included wind tunnel evaluation of the lift and drag oefficients for total

lift of the 16-509 foil in the infinite flow field. These data are shown in

Fig. l4 in omaparisonwith the values taken from the test data for plescmeter
line D as shown in Fig. 3. Also included is a curve for wind tunnel data

corrected to an arbitrary aspect ratio of 3. It isto be noted that theydro-
foil test data do not include the viscous shear forces which are inherent to

the total force neasurements of Stack.

A secend useful comparison can be made between the pressure distribu-
tions measured in the test program and the theoretical approximation to this

distribution. The theoretical distributions in this case, were computed in

accord with the procedure described in Ref. [4], pp. 75-79. For purposes of

the calculations, an aspect ratio of 3 was arbitrarily selected. Comparative

plottingesof these pressure distributions aem shownin Fig. 15. Thee plottings
again include only the testdata from pressure tap line D as shown in Fig. 3.

VI. DISCUSSION

A comparative studyof the pressure profiles of Figs. 10 and 15 dis-

closes the following intereeting points with regardto the application of the

laminar-flow type of foil section to a hydrofoil assemblys

(1) Despite the fact that a truly two-dimensional flow does

not exist for the measurements made at tap line D in

Fig. 15, the general shape of the pressure profile is in

fairly good agreement with the theoretical distribution

for the design angle of sero degrees.

(2) For an attack angle greaterthan 2 degrees, Fig. 10 show

the point of minium pressure shifting from the 60 per

cent chord position onsistentwith the designed laminar-
flow sectionto a pointnear the leading edge. The latter

is more in accord with the position on a conventional

section. Fig. 13 indicates that some transition insta-
bility may exist for the test data of Fig. 10 for attack

angles between 2 and 6 degrees.
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(3) The shift in the position of the minimum pressure point

as discussed in item (2) above is accompanied by a sub-

stantialreduction in minimupresinf values. The lowest

of these values may serve as a rough measure of the criti-

cal cavitation limits for operation of the foil since the

magnitude of the critical cavitation sigma in the same a

the minimum pressure coefficient. It ahouldbe noted that

because of the limited pressure taps and steep pressure

gradients existing near the leading edge, the observed

minimumpressures are notnecessarily the leastthat exist.

(4) Fig. 10 indicates that stall or major separation of flow

apparently does not occur below the 15-degree maximum

attack angle tested, although the rise in minimum pressure

betweenthe 10- and 15-degree attack angles suggests that

a local flow separation and subsequent reattachment my

have taken place near the leading edge.

The polar plot of Fig. 14 indicates that the laminar flow foil in

the three-dimensional configuration achieves a high lift-drag ratio over a

mofte limited attack angle range than is the case in two dimensions. It should

be noted, however, that the three-dimensional data do not include the shear

force effectswhich are includedin the total dragof the two-dimensional data.

A study of the pressure profiles of Figs. 4, 5, 10, U, and 12 for

design angles of attack indicates that the point of minimum pressure on the

foil surface tends to move forward and to diminish in value as the junction

is approached. This is true for both the junctions without fillet, as shown

in Figs. 4 and 5, and junctions with fillet, as shown in Figs. 1 and 12.

It should be emphasised that the data relating to minimm pressure

values should be used with caution. These data were obtained from a limited

set of pressure taps which in all probability did not include the point of

lowest pressure on the junctions. Moreover, the minimum value will vary con-

siderably with the geometryof the particular junction. In view of this, the

values are offered as a rough guide to the magnitude of the sigma value for

the inception of cavitation but are not considered suitable for final design

purposes.



Tho mson fore coefficient valuefor the interfered surfasse of th,3
foil are suinarised in Figs, 6 through 9 toebow the comparative influence of
yaw angle, submrgence, and fifletino. A stdy of this data establiehee thin
thee three gomeitric factors do have a substantial influence on the fore
values but the oompleityof the resulting flows fail# -to produce regular and
systematic force changes when more than one factor is varied. iloever, for
the low values of attack angle used in normal design practice and for practi-
cally all conditions tested, the curvesdo ohom a definite and substantial in-
crease In lift and drag for the interfered surfaces. The magnitude of this
increase may be. approuimatedfor the specific conditions by interpretation of
the curves. Since the curvem consist of pressure force data without shear
force, two reference curves have been added to eab graph. These give the
comparative valus for pressure forces on measuring line D and the comparable
value. for total forces for the infinite span and infinite flow field as taken
from Ref. (3].

It should again be noted that the -force values relating to yaw osadi-
tions a"3 to only one dire ction of yaw angle. Signifi cantly, different values
might occur for the opposite direction of yaw.

111. O3CLUSIOS

Au arbitrary selection of hydrofoil systems has been subjected to a
limited range of noncavitating, nonventilating tasts and analysis with the
objective of obtaining force data for design use. The resulting force data
findings have been sturised in Figs. 6 &hrough 9. While these date wre by
no means copreheansive, they do supply information on a substantial rage of
conditions pertinent to design practice,

The following conclusions relate to these force findingsa

(1) Due to limitations of the pressure-force-measuring pro-
cedures mlyed in the tests, the figures do not directly
yield a handbock type of design data. Mowever, use of the
data in combination with related wind tunnel total Srcee
measurements, which wre iniluded, does permit a rational
tie with other design procedures.

(2) The laminar-flow type of section elected for these taste
was observed (Fig. 13) to provide laminar flow over the
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forward area for only a relatLwv.2 smmll attack an&
range, Increasing values of the chord aynolds number

diminished this attack angle range. For prototype design

purposes involving high Reynolds numbers, these data are

then most useful for attack angles near sera depose or

in excess of 6 degrees. Since transition variables may

occur for angles between sero and6 degrees, data in this

region should be used conservatively.

(3) Stall or Oajor separationof flow failedto occur on these

configurations for the attack angles of 15 degees and les

which were tested.

(4) For design angles of attack, the interference of a strut

on a foil in such that a definite and substantial increase

in liftand drag ocoursover the interfered portion of the

foil. This increase may diminishwith increasing angle of

attack or yaw.

(5) The strut interferes or produces major force influences

on the foil for a foil length extending outward from the

junction for a dimension equivalent to about 2/3 chord

lengths.

(6) The use of fillets in the junctions produced only rela-

tivelysmall interference force changes. The changes were

bothpositive and negative in value depending on the attack

angle and submergence conditions.

(7) For design angles of attack, the interference lift and drag

forces tended to diminish with demeasing subiergene.

The point of minimum pressure on the foil tended to mo forard

and to diminish in value as the junction was approached. This was true for

bothend and center struts and with and without fillets (Figs. 1, 5, 11, 12).

The inception of cavitationon these foilassemblies may, therefere, be eapected
in the forward part of the strut-foil junction and the related cavitation

sigmavalue may be approzimatedby the minimm pressure ooefficients (Figs. 0

5, 11, 12). The absence or presence of filleting produced relatively little

change in the minimum pressure value.
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TABLE I

Coordinate Data for the Test Members

FOIL, NACA 16-509 STRUT
Upper Lower NACh 16-012

I/c x y x -r x r
per cent C in. in. in. in. in. in.

0 0 0 0 0 0 0
1.25 0.O65 0.073 0.085 0.041 0.075 0.078

2.50 0.138 0.018 0.162 0.052 0.150 0.108

5.00 0.287 0.160. 0.313 0.065 0.300 0.151
7.50 0-36 0.199 0.1463 0.072 0.1450 0.182

10 0.586 0.232 o.613 0.077 0.600 0.207
15 0.887 0.286 0.913 0.085 0.900 0.248
20 1.188 0.329 1.209 0.090 1.200 0.280

30 1.792 0.389 1.808 0.098 1.800 0.325

35 2.106 0.100 2.100 0.338
40 2.396 0.1424 2.1404 0.103 2. oo 0.351

5 2.702 0.103 2.700 0.355
50 3.000 0.436 3.000 0.104 3.000 0.30

55 3.302 0.429 3.300 0.355
60 3.6o4 o.423 3.596 0.102 3.600 0.350
65 3.906 0.403 3.900 0.333
70 4.208 0.383 4.192 0.091 4.200 0.316

80 4.810 0.308 4.789 0.069 4.800 0.252

85 5.095 0.052 5.100 0.202

90 5.410 0.190 5.390 0.035 5.400 0.151

95 5.707 0.111 5.692 0.016 5.700 0.085
100 6.001 0.005 5.998 0.005 6.000 0.007

Leading Edge Radius a 0.024 in. leading Me
Radius *0,042 1w,

Note: The chord dimension, C, is 6 inches. The position of pressure tape
in the upper and lower surfaces of the foil is underlined. A graphic
treatment of this data is given in Fig. 2.
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garten, Berlin, Germany, Attn: Dr. S. Schuster, Director.

1 Technieche Hogeschool, Institut voor Toegepaste Wiskunde, Juliana-
laan 132, Delft, Netherlands, Attn: Professor R. Tisman.

1 Netherlands Ship Model Basin, Wageningen, Netherlands, Attns Dr.
Ir. J. D. van Manen.

I Allied Research Associates, Inc., 43 Leon Street, Boston 15, Massa-
chusetts, Attn: Dr. T. R. Goodman.

3 National Physical Laboratory, Teddington, Middlesex, England, Attn:
1 - Dr. F. H. Todd, Superintendent Ship Division
1 - Head Aerodynamics Division
1 - Mr. A. Silverleaf

2 Head, Aerodynamics Department, Royal Aircraft Establishment, Farn-
borough, Hants, lhgland, Attn: Mr. M. 0, W. Wolfe.

1 Boeing Airplane Co., Seattle Division, Seattle, Washington, Attn:
Mr. M. J. Turner.

1 ElectricBoat Division, General Dynamics Corporation, Oroton, Conn-
ecticut, Attn: Mr. Robert McCandliss.



cOrganisation

1 General Applied Sciences Labs, Inc., Merriok and Stewart Avenues,
Westbury, Long Island, New York.

1 Gibbs and Cox, Inc., 21 West Street, Now York, New York.

2 GrummanAircraft Engineering Corp., Bethpage, Logg Island, Now York,
Attn,

1 - Mr. I. Baird
1 - Mr. E. Bower

1 Oruman Aircraft Engineering Corp., Dynamic Developments Division,
Babylon, Now York.

1 Lockheed Aircraft Corporation, Missiles and Space Dvision, Palo
Alto, California, Attnt R. W. Kermuen.

1 Midwest Research Institute, 425 Volker Blvd., Kansas City 10, Mis-
souri, Attn: Mr. Zeydel.

3 Director, Departentof Mechanical Sciences, Southwest Research In-
stitute, 8500 Culebra Road, San Antonio 6, Texas, Attnt

1 - Dr. H. N. Abramson
1 - Mr. 0. Ransleben
1 - Editor, Applied Mechanics Review

3 Convair, A Division of General Dynamics, San Diego, California, AftW
1 - Mr. R. H. Overamith
1 - Mr. A. D. MacLellan
1 - Mr. H. E. Brooks

1 Dynamic Developments, Inc., 15 Berry Hill Road, Oyster Bay, Long
Island, Now York.

1 Dr. S. F. Hoerner, 18 Buateed Drive, Midland Park, New Jersey.

1 ltdronautics, Incorporated, 200 Monroe Street, Rockville, Maryland,
Ates Mr. Phillip Eisenberg.

1 RandDevelopst Corporation, 136O0Deise Avenue, ClevelandlO Ohio,
Attnt Dr. A. S. Iberall.

1 U. S. Rubber cpany, Research and Development Department, Wayne,
New Jersey, Attns Mr. L. M. White.

1 Technical Research Groups Inc., 2 Aerial Way, Syosset, Long Island,
Mew York, Attn: Mr. Jack Kotik.

1 Mr. C, wigley, Fat 102, 6-9 Charterhouse Square, London, E. C. 1,
England.

1 AVOO Corporationp Lycoming Dividiori, 1701 K Street, N. W., Apt. 904,
Washington, D. C,2 Attnt Mr. T. A. Duncan.



Copies Organisation

1 Mr. J. 0. Baker, BakerManufacturing Company, Evansville, Wisconsin.

1 Curtiss-Wright Corporation Research Division, Turbomachinery Divi-
sion, Quehanna, Pennsylvania, Attn: Mr. George H. Pedersen.

1 Hughes Tool Company, Aircraft Division, Culver City, California,
Attn: Mr. M. S. Harned.

1 Lockheed Aircraft Corporation, California Division, Hydrodynamice
Research, Burbank, California, Attn: Mr. Bill East.

1 National Research Council, Montreal Road, Ottawa 2, Canada, Attn:
Mr. E. S. Turner.

1 The Rand Corporation, 1700 Main Street, Santa Monica, California,
Attns Dr. Blaine Parkin.

2 Stanford University, Department of Civil Engineering, Stanford, Cal-
ifornia, Attn:

I - Dr. Byrne Perry
1 - Dr. E. Y. Hau

1 Waste King Corporation, 5550 Harbor Street, Los Angeles 22, Califor-
nia, Attn: Dr. A, Schneider.

1 Commanding Officer, Office of Naval Research Branch Office, The John
Crerar Library Bldg., 86 E. Randolph Street, Chicago 1, Illinois.

1 Commanding Officer and Director, U. S. Naval Engineering Experiment
Station, Annapolis, Maryland.

1 Commanding Officer, U. S. Naval Underwater Ordnance Station, New-
port, Rhode Island, Attn: Research Division.

I National Academy of Sciences, National Research Council, 2101 Con-
stitution Avenue, N. W., Washington 25, D. C.

1 Commanding Officer, U. S. Army Research Office, Box @1, Duke Sta-
tion, Durham, North Carolina.

2 University of California, Berkeley 4, California, Attn:
1 - Department of Engineering
1 - Prof. H. A. Schade

1 Society of Naval Architects and Marine Engineers, 74 Trinity Place,
New York 6, New York.

1 Engineering Societies Library, 29 W. 39th Street, New York 18, New
York.

I EDO Corporation, College Point, L. I., New York.



Copies Urzanisation

1 Director of Research, National Aeronautics and Space Administration,
Lewis Research Center, 21000 Brookpark Road, Cleveland 35, Ohio.

Commanding Officer and Director, U. S. Naval Civil Engineering Lab-
oratory, Port Hueneme, California, Attn: Code L54.

Dr. Hirsh Cohen, IBM Research Center, PO Box 218, Yorktown Heights,
New York.

Mr. David Wellinger, Hydrofoil Projects, Radio Corporation of Amer-
ica, Burlington, Massachusetts.

1 Prof. Ir. J. Gerritsma, Technische Hogeschool, Onderafdeling der
Scheepsbouwkunde, Prof. Mekelweg 2, Delft, The Netherlands.

1 Dr. H. Schwanecke, Versucheanstalt fur Wasserbau und Schiffbau,
Schleusenineel in Tiergarten, Berlin, Germany.

1 Bureau D'Analyseet de Recherche Appliquees, 47 avenue Victor Cres-
son - Issy des Moulineaux (Seine), Paris, France, Attnz Prof. L.
Malavard.


